Running head: Threshold temperature for the use of pre-cooling 2 Abstract Purpose. Cycling time trial performance can be compromised by moderate to high ambient temperatures. It has become commonplace to implement pre-cooling prior to competition to alleviate this performance decline. However, little is known about the ambient temperature threshold above which pre-cooling becomes an effective strategy for enhancing endurance performance. It was the aim of this study to investigate the effect of pre-cooling in different environmental temperatures on time trial performance. Methods. Trained cyclists completed two time trials with (COLD) and without (CON) pre-cooling using an ice-vest and sleeves ensemble in ambient temperatures of 24˚C, 27˚C and 35˚C. Results. Time trial performance faster following COLD in both 35˚C (6.2%) and 27˚C (2.6%; both P<0.05) but not 24˚C
Introduction
Endurance exercise performance progressively deteriorates as the surrounding ambient temperature increases, 1, 2 which is exacerbated when combined with increasing humidity 3 and solar radiation. 4 Importantly comparable negative effects of the heat, albeit with a smaller magnitude, have been shown in more ecologically valid measures of performance, such as cycling time trials. 1 It is clear that there is a strong link between increases in thermoregulatory strain, due to elevations in both metabolic and ambient heat, and impaired endurance performance. 5 In order to compete at the highest level possible during competitions in the heat, the practice of pre-cooling has spread in many sports, with ~50% of athletes having a defined strategy prior to competing in elevated ambient temperatures. 6 Importantly, there is mounting evidence to support that cooling the body prior to performance in the heat can have an ergogenic effect. 7, 8 This is thought to be due to a decrease in skin and/or core temperature before exercise starts, which increases the capacity for heat storage during exercise and therefore exercise is expected to be possible for a longer duration compared to no pre-cooling.
Pre-cooling can be applied via a variety of methods, some of which are more applicable in the field than others. Two of the most common methods include the use of cooling vests, 9 orice slurries, 10 or via a combination of internal methods. 11 Tyler et al., provide an excellent overview of the most common pre-cooling methodologies and their respective physiological and perceptual effects, 8 and the reader is directed there for further details. A recent metaanalysis supports the beneficial effect of ice-vest use on time trial performance, where a mean improvement in performance of ~5% is reported. 12 Furthermore, a second meta-analysis including 28 investigations of pre-cooling, and its effect on performance, reports a moderate to large beneficial effect of these interventions prior to endurance performance. 8 However, the authors highlight that the optimal cooling strategies for a range of sporting scenarios are yet to be determined owing to the wide range of experimental protocols and cooling strategies currently employed within the available literature. Thus, it appears that pre-cooling with the use of an ice-vest presents an effective method by which time trial performance in the heat may be improved.
One factor that remains unknown is whether there is an ambient threshold above which pre-cooling may become effective at improving time trial performance. It has been demonstrated that ambient temperatures in excess of 11˚C have the ability to negatively impact on cycling performance. 13 However, no study has yet investigated the existence of a lower threshold above which pre-cooling becomes effective. With most studies to date focusing on a single ambient temperature, typically above 30˚C or a Wet Globe Bulb Temperature (WGBT) of 26 ˚C. 8 Therefore, the aim of the present study was to investigate the use of pre-cooling using an ice-vest in different environmental temperatures on cycling time trial performance as well as physiological and perceptual responses. Pooling these data with our previous time trial data collected at 35˚C 9 provides an ambient temperature range of 24˚C, 27˚C and 35˚C. It was hypothesized that our pre-cooling intervention, comprising a cooling vest and sleeves, would improve self-paced time trial performance in all environmental temperatures, with the magnitude of effect dependent on environmental temperature.
Method

Participants
The present study employed an independent groups design, where trials were completed in ambient temperatures of 24°C, 27°C and 35°C and includes a cohort from our previous study. 9 All participants were endurance trained, competitive male cyclists and triathletes, training in excess of three times per week and were familiar with competing in time trials. The performance level of the participants was determined based on their relative VO2max.
14 Participant data are presented in table 1. All participants were free from injury and not taking any medication. The Loughborough University ethical advisory committee approved all experimental procedures and confirmed adherence to the Declaration of Helsinki, with all participants providing their written informed consent. 
Experimental Design
Participants visited the laboratory on four occasions. Visit 1 consisted of body composition measurement and an incremental exercise test to exhaustion to determine ̇2 max and maximal power output (Wmax). Visits 2 to 4 were simulated cycling time trials in which participants were instructed to complete a set amount of work in as short a time as possible.
Visit 2 served as a familiarization trial to ensure that participants were able to complete the required exercise and to minimise any potential learning effect on time trial performance. Visits 3 and 4 constituted the experimental visits where participants underwent i) pre-cooling using a cooling garment frozen overnight (COLD) or ii) a no cooling control (CON). Each group completed CON and COLD in either 24°C, 27°C and 35°C. Trials were conducted in a counterbalanced order, with each visit separated by a minimum of 7 days to minimise acclimation effects.
Visit 1
Participants first had their height (Seca, Birmingham, UK) and mass (ID1 Multi Range, Sartorius, Goettingen, DE) recorded. Body composition was determined using skinfold callipers (Harpenden, HaB Intl Ltd, Warwickshire, UK) weighted for the athletic population. 15 The ̇2 max test was conducted on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands), and consisted of 3 minutes at 95W, followed by 35W increments every 3 minutes until the participant reached volitional fatigue.
Visits 2-4
Participants reported to the laboratory at the same time of day on each occasion, having abstained from caffeine and alcohol ingestion or any strenuous exercise in the preceding 24
hours.
Prior to each experimental visit, participants were given an ingestible temperature pill (VitalSense, Mini Mitter, Oregon, USA) to measure gastrointestinal temperature (Tgi) and instructed to take it 8-10 hours prior to reporting to the laboratory. On arrival, the pill was located using a receiver to confirm that it was functioning correctly. Participants then had their nude weight recorded (ID1 Sartorius, Goettingen, DE) and were then instrumented with wireless temperature sensors (iButton, DS1922, Sunnyvale, CA, USA) at eight locations to allow for the calculation of mean skin temperature. 16 Heart rate was recorded continuously throughout the trials (RS800, Polar, Finland). In order to minimise differences in clothing insulation, all participants wore a standard athletic shirt during the stabilisation, cooling and warm up periods along with their own cycling shorts. The shirt was removed on completion of the warm up prior to the start of the time trial. of total work done, Tgi was recorded. At 20% intervals RPE, 17 thermal sensation, 18 and thermal comfort 19 were recorded. 20% intervals were chosen to minimize participant/investigator interaction. On completion of the time trial, participants were re-weighed and sweat rate calculated as the change in body mass corrected for fluid intake over time.
Cooling Garments
The cooling ensemble consisted of vest and sleeves that were constructed of a breathable mesh fabric and pockets of hydrophilic silica gel saturated with water and frozen, as described previously. 9 The cooling power of the vest, was calculated using a thermal manikin (NEWTON, Measurement Technology Northwest, USA) with a surface temperature of 34°C to mimic skin temperature and a wet surface to represent sweat production. 20 The garments remained in place on the manikin for 60 minutes, with power recorded every 30s.
The overall cooling power of the garments was 190 W . m -2 .
Statistics
All data were pooled to include the data previously reported at 35°C 9 The strength of relationships between variables was assessed using Pearson's product-moment correlation coefficient. The accepted level of significance was p<0.05. Magnitude-based inferences about the true (population) effect of pre-cooling on performance variables at each ambient temperature were calculated. The uncertainty in the effect was expressed as 90% confidence limits (CI) and as the likelihood that the true value of the effect represents substantial change; harm or benefit. 21 The smallest meaningful change (SMC) in time trial performance was assumed to be a change in performance time of 1.0%. Effect sizes were calculated for time trial completion time and mean power output, with effect sizes of < 0.2 classified as small, 0.4-0.6 as medium, and > 0.8 as large 22 . All data are presented as mean ± SD unless otherwise stated.
Results
Participants
There were no differences in participant characteristics between experimental groups and data are presented in table 1. Groups were closely matched for their characteristics, especially ̇2 max and also had similar variances within the groups.
*** Table 1 figure 4C ), very likely beneficial in 27˚C (SMC = 2.3W, CI = 3.6 to 18.4, with chances of a beneficial/trivial/harmful effect being 97.4%, 2.1% and 0.6%, figure 4C ) and likely beneficial in 24˚C (SMC = 2.4W, CI = -0.8 to 10.8, with chances of a beneficial/trivial/harmful effect being 81.8%, 15.5% and 2.8%, figure 4C ), and. In all cases, COLD was very unlikely to have a detrimental impact on mean power output throughout the course of the time trial. On an individual level, the number of riders displaying a higher mean power output following COLD by more than the smallest meaningful change calculated for each ambient temperature was: 24°C n=8; 27°C n=7 and 35°C n=6. There was no difference in pacing strategy between cooling conditions (P = 0.92, figure 1C ). 
Mean Power
Skin temperature, gastrointestinal temperature and heart rate
There were main effects of time, cooling condition and an interaction effect (all P<0.001) on mean skin temperature. In both 24˚C and 35˚C, � was lower following COLD throughout the warm up (all P<0.0001) and for the first 10% of the time trial (P<0.05). At 27˚C this effect was evident until 20% time trial completion (P<0.05). There was only a main effect of time (P<0.0001) but not cooling condition on Tgi (P=0.64). Consequently, mean body temperature reflected these data with main effects for both time and cooling condition (both P<0.0001) and an interaction effect (P<0.0001; figure 5A ). There was a main effect of time (P<0.0001) but not condition (P=0.88) on heart rate during the time trial.
Sweating
There were main effects for pre-cooling (P<0.01) and environmental temperature (P<0.05), although there was no significant interaction (P=0.21, figure 5B ). Sweat loss was lower following COLD in 24°C (1417.2±315 mL vs. 1288±176 mL, P<0.05) and 27°C (1677±314 mL vs. 1545±347 mL, P<0.05) but there was no difference at 35°C (1276±244 mL vs. 1265±339 mL, P=0.86)
Perceptual Measures
Main effects of both time and condition and an interaction effect were evident for thermal sensation (all P<0.0001). Thermal sensation was reported as feeling cooler throughout the warm up following COLD in all environmental conditions (all P<0.005). At the end of the recovery period, thermal sensation remained lower following COLD across all temperatures (P<0.05). There were no differences to thermal sensation throughout the time trial between conditions. Thermal sensation was positively correlated to finish time from T0 (r=0.362, P<0.01) through to 60% of workload completion (r=0.282, P<0.05) with the strongest correlation occurring at REC (r=0.395, P<0.005, figure 5C ). There were main effects of time (P<0.0001) and condition (P<0.01) and an interaction effect (P<0.0001) for thermal comfort.
Thermal comfort did not correlate to finish time at any stage (all P>0.165). Participants reported that they were more uncomfortable in COLD in 27˚C throughout first 40% of the time trial (all P<0.01). There were no differences in thermal comfort between cooling conditions in 24˚C or 35 ˚C. Lastly, a main effect of time was found for RPE (P<0.0001), but no significant effects of COLD (P=0.77) were evident. Figure 5 : Physiological and perceptual effects of pre-cooling before and during a selfpaced time trial in different ambient temperatures. A) mean body temperature, B) sweat loss, C) thermal sensation following warm up and the relationship to finish time, D) thermal comfort. * denotes a main effect of time. # and ## denote main effects of cooling and temperature respectively. † denotes a difference between no cooling (CON) and pre-cooling (COOL) at † † denotes a difference between CON and COOL at 24 and 35°C. Data presented as mean± SD
Discussion
The aim of the present investigation was to establish the existence of an environmental threshold above which pre-cooling has an ergogenic effect for cycling time trial performance when using an ice-vest. Our data are consistent with the previously observed negative effect of increasing temperature on time trial performance, for both the cooling and control data. More importantly, our data show that pre-cooling has a significant ergogenic effect on time trial performance completed in 35˚C and 27˚C but not in 24˚C, resulting in performance changes of 6.2%, 2.6%, and 1.2% respectively. The effect of pre-cooling was very likely beneficial to performance in 35˚C, likely beneficial at 27˚C and possibly beneficial in 24˚C. These results indicate that cyclists should start to consider implementing a pre-cooling procedure prior to racing a time-trial in environmental temperatures of above 24˚C. Furthermore, in cooler temperatures, pre-cooling may have some benefit, although our data cannot conclusively support this. However, utilising pre-cooling in lower ambient temperatures is unlikely to have a detrimental effect on performance at the cooling intensities used here A previous meta-analysis supports an environmental effect on the magnitude of precooling benefit, 12 similar to that reported here. They report a clear difference in performance improvement in temperatures above 26˚C, where there was a mean improvement of 6.6% compared to 1.4% below this temperature, which still represents a meaningful effect, 23 and could yield a performance benefit. However, as those values included data on both time to fatigue protocols and time-trial tests, the magnitude of any potential benefit was likely overestimated, given that the authors report the largest performance effect was evident in the openended trials (8.6%) compared to time trials (4.2%). In addition, the data from Tyler et al.,
included a WBGT threshold of 26˚C for inclusion in their analysis. 8 As the equivalent WGBT in the present study at ambient temperatures of 24˚C and 27˚C was 19.2˚C and 22.1˚C
respectively, this indicates that the effective WGBT threshold above which pre-cooling becomes effective at improving endurance performance is ~19˚C. Therefore, Tyler et al. may
have been overly restrictive in their study inclusion criteria, further highlighting the lack of understanding of the existence of a threshold temperature above which pre-cooling becomes effective. Therefore, further investigation is warranted to establish the exact environmental temperature threshold above which pre-cooling using a variety of techniques becomes a beneficial strategy, as currently this is equivocal in the available literature.
The present study demonstrates a clear reduction in sweat loss in response to COLD in both 24˚C and 27˚C compared to CON. Although we did not directly measure hydration, it is possible that this reduction in sweat loss contributes to a better maintenance of hydration.
However, the effect of dehydration on performance is equivocal. 24,25 , 26,27 Sparing sweat loss (and maintaining hydration) through the increase in evaporative cooling potential, owing to the moisture released from the cooling garments, will likely contribute to improving endurance performance in the heat. Mechanistically, apart from the cooling power delivered by the phase change of ice to water in the vest, the moisture released from the vest will further reduce the requirement of sweat to dissipate heat. Evaporation of moisture from the vest will contribute to evaporative heat loss, without requiring an increase in sweat production, therefore helping to moderate body temperature and maintain hydration.
The performance effect reported here occurred following a clear reduction in � , which was independent of a reduction in Tgi. This finding is in-line with that of Schlader et al., 28, 29 and our previous work 9 suggesting that � has a key role in the modulation of exercise intensity independently of core temperature. It is likely that elevations in � result in behavioural alterations, which will manifest in changes to intensity selection during exercise. 28, 29 Therefore, future research into cooling techniques aimed at improving endurance performance should focus on lowering � at the onset of exercise and its effect on thermal perception. This may help alleviate some of the discomfort associated with the implementation of many whole-body cooling interventions that are used prior to performance, in order to lower
Tgi before the onset of exercise.
Compared to 24˚C and 27˚C, where peak � during the time trials was ~32˚C, the performance effect of a reduction in � following COLD was likely exacerbated in 35˚C
where � exceeded 35˚C. This is important as a � of >35˚C has previously been shown to limit aerobic performance in hot conditions. 30 Whilst a benefit of COLD on performance is observed at 27˚C and a � of ~32˚C, it is smaller than that which is evident at 35˚C and may be linked to a lower � . Furthermore, as this study reports a higher mean power output at 27˚C
and above, it may be that a � of 31-32˚C represents a lower � threshold, above which detrimental performance effects become evident. Coupled with the fact that there is no performance effect at 24˚C where � reaches ~30˚C, it appears that ambient conditions of less than ~27˚C do not provide sufficient thermoregulatory challenge to elevate � to a degree that would severely hinder time trial performance due to a modulation in intensity selection.
Reductions in � in response to COLD are reflected in the change to thermal sensation, particularly during the warm up phase, where there is a clear shift in thermal sensation towards feeling cool/cold. Although this effect does not last beyond the warm up phase, it is possible that the reduction in thermal sensation contributes to perceptually driven changes to performance. 28, 29 Moreover, the present data show identical reductions in thermal sensation following COLD in 24˚C, 27˚C, and 35˚C yet improvements in finish time and mean power were only clearly evident at 27˚C and 35˚C. Therefore, it is possible that alterations to thermal perception only have a significant performance effect where environmental heat stress is relatively high. We suggest that in temperatures above 24˚C, thermal perception begins to play a more important role in time trial performance, and may represent a greater reliance on peripheral feedback in formulating pacing strategies for competition in the heat. However, the significance of central versus peripheral feedback in the regulation of exercise perception and exercise performance remain a contentious area for debate.
31,32
Practical Applications
The present data indicate a threshold ambient temperature above 24˚C before precooling has a performance benefit to cycling time trials. It is suggested that this is at least in part due to reductions in � , which plays an important role in the modulation of self-paced exercise intensity. Therefore, in competition where environmental temperature exceeds 24˚C or a WBGT of 19˚C, athletes and coaches should consider the implementation of a pre-cooling strategy aimed at reducing � prior to endurance performance. However, any such strategy should be used in practice in order to allow the athlete to moderate their pacing strategy to prevent them from selecting an unsustainably high intensity in the early phases of the time trial, which could accelerate the onset of fatigue. Future work should investigate how such habituation to pre-cooling can further improve performance in the heat.
Conclusion
These data show that the use of pre-cooling has a beneficial effect on cycling time trial performance when environmental temperature is in excess of 24˚C. These data indicate that the performance benefit appears driven by the alteration to skin temperature and perceptual variables in the initial phases of the warm up and time trial.
